Partial enthalpies of mixing for the liquid phase of the binary Ga-Li and ternary Ga-Li-Sn systems at a temperature of 1081 K were measured by high-temperature drop calorimetry. The binary system was investigated to a maximum lithium content of x(Li) = 0.59. In the ternary, seven composition sections were investigated: x(Ga)/(x (Ga) + x(Sn)) = 0.15, 0.45, 0.70, 0.85, and x(Ga)/(x(Ga) + x(Li)) = 0.80, 0.50, 0.40. It is shown, that the binary sub-system Ga-Li shows a strong exothermic behavior with a molar liquid mixing enthalpy of Δ mix H = −22.4 kJ·mol −1 at x(Li) = 0.58 (1081 K). In accordance with an even more negative molar mixing enthalpy of Δ mix H = −36.82 kJ·mol −1 at x(Li) = 0.7 (1081 K) in the binary sub-system Li-Sn, the ternary Ga-Li-Sn system is characterized by a strong exothermic behavior. Our experimental values for the binary Ga-Li system agree well with literature data and Δ mix H against composition was described by a Redlich-Kister polynomial. It is shown, that for the ternary Ga-Li-Sn system the extrapolation model of Toop is sufficient enough to describe the mixing enthalpy of the liquid phase. Moreover, our experimental ternary data were numerically fitted on the basis of an extended Redlich-Kister-Muggianu model which was designed for the excess energy of the substitutionalregular-solution model.
Introduction
The increasing demand of powerful batteries for electro-mobility and load leveling is driving the research into developing new battery technologies [1] . Li-Ion batteries (LIB) which are widely used for hand held devices like cell phones, notebooks and cameras need to be improved mandatorily in terms of higher capacities, energy-and power density as well as higher cyclability. Such improvements are primarily targeting on the increase of charge density i.e., the amount of charge carriers, which can be stored within the individual electrode materials, and the increase of cell voltage. Both together specify the energy a galvanic cell can theoretically supply. Various active materials are under discussion for high-capacity anodes; metals and intermetallics are among them. For instance, the theoretical charge capacity of C th = 990 mAh·g −1 for Sn is almost three-times that of carbon-based anodes used today (C th = 372 mAh·g −1 ) [2] . Degradation of such electrodes by significant volume changes during continuous lithiation/delithiation hampers the commercialization of Li-Ion batteries with metallic anode materials, see e.g., Choi et al. [3] . An approach to prevent degradation and enhance cycle life of the battery cell is to embed the active material into an inactive conducting matrix, which is able to buffer the mechanical stress. The matrix should be ductile and/or nano-crystalline or liquid. The matrix material can be introduced by simple mechanical mixing, however better results are obtained by co-precipitation. Coprecipitation can be efficiently realized using intermetallic phases instead of pure metals as anode materials. Alloys, which consist of active and less or inactive metals show co-precipitation on lithiation/ delithiation. Wu et al. [4] recently showed, that a "self-healing" fully liquid anode material of eutectic Ga-Sn, inhibits the negative effect of crack formation caused by volume changes. On lithiation, several Li x Sn 1-x and Li x Ga 1-x compounds are formed. To fully describe and understand the reactions of Li with Ga-Sn alloys, a self-consistent and reliable thermodynamic description of the ternary Ga-Li-Sn system is necessary. The binary Li-Sn, and Ga-Sn systems are already sufficiently described by CALPHAD-type assessments from Reichmann et al. and Anderson and Ansara [5, 6] . The first CALPHAD description of the Ga-Li system by [7] was updated by Azza et al. [8] . However, additional experimental thermodynamic data such as enthalpies of mixing, heat capacities, and enthalpies of formation are still needed for a full self-consistent CALPHAD-type assessment of Ga-Li and Ga-Li-Sn. In this work, we study molar enthalpies of mixing for the liquid phase in the Ga-Li and Ga-Li-Sn systems at 1081 K.
Literature review

Ga-Li
Thermodynamic investigations in the Ga-Li system were first performed by Schneider and Hilmer [9] using drop calorimetry to measure heat increments of the compound βLiGa to derive enthalpies and entropies of fusion. Yatsenko et al. [10] obtained thermodynamic data by using Gibbs-Duhem integration of emf data at 1023 K and found a minimum in the integral heat of mixing of −5500 cal·mol −1 (−23 kJ·mol −1 ) at x(Li) = 0.5. Moreover, Bushmanov and Yatsenko [11] investigated the heat of melting for the intermetallic phase βLiGa with differential scanning calorimetry. Using emf measurements at 688 K, Wen and Huggins determined Gibbs energies of mixing in the liquid and Gibbs energies of formation as well as chemical diffusion coefficients of Li in βLiGa compounds. Moreover, they calculated Li activities in solid phases [12] . More recently, Dębski et al. and Terlicka et al. [13, 14] measured the mixing enthalpies in the liquid phase between 873 and 1039 K with drop calorimetry. A minimum of Δ mix H = −21.2 kJ·mol −1 at x(Li) = 0.5421 was found observing only a negligible temperature dependence. In an early work of Dębski and Dębski et al. [15, 16] , the authors presented enthalpies of formation for a series of Ga-Li compounds i.e., Li 2 Ga 7 , Li 5 Ga 9 , LiGa, Li 5 Ga 4 , Li 3 Ga 2 , and Li 2 Ga.
Ga-Sn
First investigations of the enthalpies of solution of Ga in liquid Sn were performed by Kleppa [17] in 1958 and Cohen et al. in 1961 [18] using drop solution calorimetry. The authors listed partial molar heats of solution for Ga in liquid Sn at temperatures of 513, 573, and 623 K. Pool and Lundin [19] used liquid-metal solution calorimetry at 750 K and calculated the partial molar heats of solution of Ga in liquid Sn. Bros et al. [20] investigated enthalpies of mixing in the whole composition range using a Calvet-type drop-calorimeter. Measurements were performed between 473 and 743 K. Katayama et al. [21] performed emf measurements at 1073 K and obtained partial and integral molar free energies of mixing. More recently, mixing enthalpy data were verified using modified differential scanning calorimetry by Zivkovik et al. [22] and by the same authors by Oelsen calorimetry [23] within the temperature range 350-650 K. Even more recently, Li et al. [24] measured the mixing enthalpy in the range of x(Sn) = 0-0.3 by drop calorimetry.
Li-Sn
Thermodynamic properties of the Li-Sn system were intensively investigated over the last decades. Wen and Huggins, for instance determined thermochemical properties such as Gibbs free energies of formation within the temperature range 633 to 863 K [25] , and also confirmed six intermetallic compounds by coulometric titration and emf measurements. Afterwards, Moser et al. [26] measured mixing enthalpy data by drop calorimetry at temperatures between 691 and 938 K in a composition range of x(Li) = 0.01-0.5 and x(Li) = 0.87-0.99. A minimum mixing enthalpy of Δ mix H = −40 kJ·mol −1 at x(Li) = 0.77 was obtained by interpolation. Based on that, Gasior and Moser [27] performed emf measurements between 777 and 975 K in a composition range of x (Li) = 0.025-0.725 and 0.91-0.954. They assumed that the minimum is caused by ordering phenomena of a Li 4 Sn associate in the liquid. Recently, Fürtauer et al. [28] presented mixing enthalpy data gained by drop calorimetry of the liquid phase in a composition range of x(Li) = 0.0077-0.6230 and x(Li) = 0.9203-0.9995 at 773 K as well as in the whole composition range at 1073 K. They found a minimum of Δ mix H = −36.82 kJ·mol −1 at x(Li) = 0.80 with no significant temperature dependence. The first numerical description of the partial limiting enthalpy of mixing of Li in Sn was done by Yassin and Castanet [29] , with a small temperature dependence given as Δ mix H Li = −64 + 0.0079 T kJ·mol −1 .
Ga-Li-Sn
The ternary system Ga-Li-Sn was first investigated by Blessing [30] who found three intermetallic phases Li 10.6 Ga 1.4 Sn 4 , Li 8 Ga 3 Sn, and Li 6 Ga 4 Sn 2 with narrow homogeneity ranges based on X-ray diffraction experiments. Crystal structure information is limited to Bravais lattices and lattice parameters. Recently, Blase et al. [31] found five additional intermetallic compounds (Li 7 Ga 7 Sn 3 , Li 2 Ga 2 Sn, Li 5 Ga 5 Sn 3 , Li 3 Ga 3 Sn 2 , and LiGaSn) doing X-ray diffraction and thermal analysis. All five compounds belong to a quasi-binary section from GaLi to Sn supposed by the authors. A full crystal structure description is available only for LiGaSn and Li 2 Ga 2 Sn. The crystal systems and lattice parameters are given for Li 3 Ga 3 Sn 2 and Li 5 Ga 5 Sn 3 . No crystallographic information is given for Li 7 Ga 7 Sn 3 . To the best of our knowledge, no experimental thermodynamic data are available for the ternary Li-Ga-Sn system until now.
Materials and methods
Samples were prepared from pure materials: Sn rod, Li rod (in mineral oil), and Ga pellets; see Table 1 . Before using Li, the protecting mineral oil was removed in a supersonic bath with n-hexane and further dried under vacuum in a glove box antechamber to remove the residual solvent. The calorimetric measurements were performed with a hightemperature isoperibolic Calvet-type twin micro-calorimeter HT-1000 (Setaram, France). The calorimeter is equipped with two 3D thermopiles with 210 pairs of type S-type thermocouples each allowing for a temperature resolution of about 10 −3 K. In this arrangement, one chamber contains the sample material while the other acts as a reference and contains an alumina block. The voltage signals of the two thermopiles are connected in compensation circuit to suppress influences from the surrounding. Moreover, the calorimeter is equipped with a selfconstructed auto sampler for automated dropping of sample material. The sample crucible is arranged in a protecting quartz tube and the whole measuring setup is made gas-tight to prevent sensitive alloys from oxidation. Measurement parameters and furnace settings are controlled by a user-assembled software structure (LabView) which serves also for data acquisition. The entire apparatus is described in detail by Flandorfer et al. [32] .
To determine the partial and integral molar enthalpies of mixing of the liquid binary Ga-Li system, small pieces of Li with a mass of 8-30 mg were dropped from T d = 305 K into liquid Ga-bath (approx. 2 g) placed in a BN-crucible inside the calorimeter at a bath temperature of T c = 1081 K. Partial and integral molar enthalpies of mixing in the liquid ternary Ga-Li-Sn system were investigated by dropping either Li (6-15 mg) from around T d = 305 K into liquid alloys of Ga x Sn 1-x or Sn (67-133 mg) into liquid alloys of Li x Ga 1-x , each at 1081 K. Seven compositions were investigated in the ternary: x(Ga)/(x(Ga) + x(Sn)) = 0.15, 0.45, 0.70, 0.85, and x(Ga)/(x(Ga) + x(Li)) = 0.80, 0.50, 0.40.; see Fig. 1 . The liquid alloys inside the calorimeter were prepared by weighing the pure metals into the individual boron nitride crucibles before introducing them into the calorimeter furnace. The air and moisture sensitive Li and their alloys were prepared in a glovebox and transferred in a protecting container to the calorimeter. A constant Ar gas flow (x(Ar) = 0.99999, additionally purified from oxygen) with a flow rate of 50-70 mL·min −1 (0.83-1.17 mL·s −1 ) was used after flushing the whole system three times. Traces of residual oxygen were gettered by titanium which was situated close to the sample crucible inside the quartz tube. For all measurements, boron nitride crucibles (inner diameter 11 mm, height 70 mm) were used because they are inert against liquid Ga, Li, and Sn up to temperatures of at least 1100 K. Thermal equilibration of the system to obtain a stable baseline before dropping the sample material lasted approx. 16 h. To verify a negligible weight loss caused by evaporation, the total mass of the crucible and samples were weighed before and after measurements. The time interval between each drop of Li or Ga was set to 40 min (2400 s), allowing the heat flow signal to return safely to the baseline, and the data acquisition interval was 0.5 s.
For the calibration of the calorimeter, five pieces of NIST SRM 720 (National Institute of Standards and Technology, Gaithersburg, MD) standard sapphire were dropped at the end of each sample series. The measured and integrated voltage signals (IVS) from the thermopiles are proportional to the integrated heat flow. The constant k (calorimeter constant, see Eq. (1)) is calculated using the molar enthalpy increment of the reference material Δ Td→Tc H ref derived from polynomials (provided by the National Institute of Standards and Technology), their molar amount n ref and the heat signal from the calibration drop IVS:
The mean value and standard deviation of the calibration constant is calculated from five calibration drops.
At constant pressure, ΔH ij, signal corresponds to the integrated voltage signal of the sample drop multiplied by k. It consists of the molar enthalpy increment of the dropped sample from solid state at T d and liquid state at T c , derived from Dinsdale polynomials listed in the SGTE unary database [33] multiplied by n i and the reaction enthalpy ΔH ij,reaction dissolving the sample in the liquid alloy bath (Eq. (2)). Table 2 Partial and Integral molar enthalpies of mixing of liquid Ga-Li alloy at 1081 K; standard state: pure liquid elements. Since the molar amount of the dropped material is relatively small (n b b1 mol) compared to the liquid alloy inside the calorimeter bath, the partial enthalpy is approximately considered as:
The integral molar enthalpy of mixing Δ mix H ij for the binary Ga-Li and the ternary Ga-Li-Sn is simply calculated by summarizing the enthalpy increments ΔH ij, reaction and dividing by the total molar amount of drop n i and bath materials n j (Eq. (3)).
For ternary sections, the integral binary enthalpy H 0 is considered as the starting point.
Contributions and sources of errors include impurities, reactions with the crucible, evaporation, and incomplete reactions together with systematic errors from the construction of the calorimeter, calibration procedure, and signal integration. Errors from weighing and temperature measurements were shown to be insignificant. Nevertheless, the standard deviations were calculated according to the ISO 98-3:2008 norm [34] considering weight error, temperature error and the statistical error of the calibration constant and peak integration.
Results and discussion
The binary Ga-Li system
Enthalpies of mixing in the binary Ga-Li system were measured by dropping Li from ambient temperatures into liquid Ga-bath at a temperature of 1081 K. As the melting point of pure Ga was slightly below the temperature in the environment of the auto sampler, experiments dropping solid Ga into Li-bath were not possible. Throughout the experimental setup, a composition range up to x(Li) = 0.59 was accessible. All data of the measurements are listed in Table 2 . The partial molar enthalpies were calculated according to Eq. (3) and the integral molar enthalpies according to Eq. (4). Based on that, the enthalpies of mixing were extrapolated to pure Li (Δ mix H = 0) using the conventional Redlich-Kister approach (Eq. (5)) [35] .
Indices i and j correspond to Ga and Li with L being the binary interaction parameter and ν its order. A reasonable fit was observed applying two interaction parameters L ν ij without temperature dependence. The corresponding results are listed in Table 3 . As it can be seen in Fig. 2 our experimental data fit quite well to the literature data up to x(Li) = 0.5 whereas the empirical fit in the Li rich part deviates slightly from data given by [13, 14] . This is, however, also the case at x(Li) = 0.5 to 0.6 where experimental values from our work are available. We observed a minimum of Δ mix H = −22.4 kJ·mol −1 at x(Li) = 0.58 slightly lower and shifted to higher Li content compared to [13, 14] .
Measurements and modelling in the ternary Ga-Li-Sn
The experimental results of the seven independent measurements, including composition, starting values, and partial and integral molar enthalpies of mixing, are listed in Tables 3-9 . Figs. 3-9 show the integral molar enthalpies of mixing as a function of x(Li) or x(Sn), respectively. It Table 5 Section C: partial and Integral molar enthalpies of mixing of liquid Ga-Li-Sn alloy at 1081 K; standard state: pure liquid elements. is worth mentioning that drop no. 13 of section B showed an unexpected behavior, see insert of Fig. 10 . The endothermic signal indicates heating and melting of Sn but the exothermic mixing reaction is missing. The tin drop stuck at the border of the crucible opening and did not fall into the liquid bath. To be able to calculate the integral mixing enthalpy, the peak area is interpolated with a linear function as shown in Fig. 10 .
To validate the experimental data, the integral enthalpy values at the intersections of the measured concentration sections (see Fig. 1 ) are compared. Table 10 lists the integral molar enthalpies of mixing at the cross-sections a-g of sections B-G. As can be seen, the various integral enthalpies of mixing at the intersection points fit nicely and the deviations lie between 175 and 500 J·mol −1 , well below the overall experimental error of 1 kJ·mol −1 . Integral molar enthalpies of mixing in the ternary are usually described by a Redlich-Kister-Muggianu polynomial (Eq. (6)) [37] which is given in the form of
where i,j and k corresponds to Ga, Li, and Sn respectively, L ν ij are the binary interaction parameter and M ν ijk are the ternary interaction parameters. Together with the binary interaction parameters L ν ij in Table 11 and the experimental data, the ternary interaction parameters M were calculated with a least-squares fit based on the empirical Redlich-Kister-Muggianu polynomial in Eq. (6) . The fitted M ν ijk -parameters are as well listed in Table 11 and imply significant ternary interactions. This, Table 9 Section G: partial and Integral molar enthalpies of mixing of liquid Ga-Li-Sn alloy at 1081 K; standard state: pure liquid elements. however has to be handled with care since the extrapolation of binary interactions according to the Muggianu model can be insufficient. This is especially the case if the mixing behavior of the three constituent binaries is not congeneric. In the case of Ga-Li-Sn, the Ga-Sn system possesses weak endothermic mixing behavior of the liquid compared to the distinct exothermic behavior of the Ga-Li and Li-Sn system. In such situations the asymmetric extrapolation model of [38] , where the last term describes the contribution of the asymmetric system can essentially improve the prediction of the ternary mixing enthalpy. An adapted version of the extrapolation formula according to Toop is presented in Eq. (7) , where i,j and k correspond to Ga, Li, and Sn.
The description of the ternary enthalpies of mixing in Ga-Li-Sn using the asymmetric extrapolation model of Toop is satisfying (see Figs. [3] [4] [5] [6] [7] [8] [9] and not far away from Redlich-Kister-Muggianu with ternary interaction. Seemingly, the ternary M ν ijk -parameters (given in Table 11 ) serve rather for correction of the inappropriate extrapolation model of Muggianu than as a description of real ternary interaction of the three different atoms. This leads to the conclusion that we could not proof significant ternary interactions in the Ga-Li-Sn system. The respective calculated integral molar enthalpies of mixing from Toop and Redlich-Kister-Muggianu are plotted together with the experimental data for each section as shown in Figs. 3-9 .
The iso-enthalpy plot across the ternary system calculated with the Redlich-Kister-Muggianu model and Toop model (Fig. 11) shows a minimum in the integral molar enthalpy of mixing in the binary system Li-Sn of Δ mix H = −36.82 kJ·mol −1 at x(Sn) = 0.8. Strongly exothermic behavior is observed in the Li-rich part where also the ternary solid compounds [30, 31] are situated. When Li is added to the endothermic Ga-Sn system, generally strong exothermic mixing behavior occurs. Adding Sn to the exothermic Ga-Li system leads to an increase or decrease of the integral mixing enthalpy, depending on the starting point. The same is the case for adding Ga to Li-Sn alloys. The attractive interaction of Li with both Ga and Sn dominates the ternary mixing behavior in Ga-Li-Sn. x Li Ga 70 Sn 30 Li x Li Ga 85 Sn 15 Li 
Summary
The partial molar enthalpies of mixing were measured at 1081 K along seven composition sections in the liquid ternary system Ga-Li-Sn. Additionally, we measured the mixing enthalpy in the binary Ga-Li system and could confirm most of the literature data.
Experimental integral molar enthalpies of mixing in the ternary liquid phase served as an input to fit ternary interaction parameters according to the Redlich-Kister-Muggianu model. The obtained ternary interaction parameters together with those from the binary systems allowed us to describe the integral mixing enthalpy of the liquid phase over the entire composition range. The two constituent binary systems Ga-Li and Li-Sn with enthalpy minima at approximately −22 kJ·mol −1 at x(Li) = 0.5 and −37 kJ·mol −1 at x(Li) = 0.8, respectively dominate the mixing behavior in the ternary system. We also observed that the ternary enthalpies of mixing can be well described by extrapolation of the binary enthalpies of mixing based on the asymmetric Toop model. We assume that ternary interactions implied by the Redlich-Kister-Muggianu parameter fit are rather corrections of the inappropriate symmetric Muggianu extrapolation model. Consequently, real ternary interaction of three unlike atoms constellations is considered to be negligible. Nevertheless, the ternary Redlich-Kister-Muggianu polynomial can be used for the description of the ternary integral enthalpies of mixing in Ga-Li-Sn.
The deviation between the experimental and calculated values for all investigations were found to be less than ±2 kJ·mol −1 for the Toop model and ±1 kJ·mol −1 for the Redlich-Kister-Muggianu fit. Reliability of our measurements was demonstrated by excellent agreement of data at seven intersection points from independent measurements. 
